The systems engineering V (SE-V) is the standard model to guide development of complex engineering projects (INCOSE 2011) . The SE-V involves decomposition and integration of system elements through a sequence of tasks that produces both design and testing specifications. This paper explores a new method to improve SE-V implementation by applying multi-domain mapping (MDM) and design structure matrix (DSM) models in a novel way for analysis of both the system architecture and the system integration tasks. We illustrate our preliminary work using this method with data collected during the early development stage of a large engineering project in the offshore oil industry, including the component DSM, integration task DSM, and corresponding domain mapping matrix (DMM). We discuss findings in terms of data collection, aggregation, visualization, and potential insights for addressing system integration challenges. Keywords: System architecture, systems engineering, system integration, design for testability, system reliability
Development Data and Decisions
Decisions in a complex engineering project involve multiple types of data and contexts. Figure 1 presents a stylized map of stages, reviews, and the SE-V process for such a project. The stage-gate (review) sequence typically consists of Conceptual Engineering, Pre-FEED (Front End Engineering Design) work, FEED, Construction, Startup, Commercial Operations and Expansion (Halman and Braks 1999) . The Final Investment Decision (FID gate) results in the critical approval of the preliminary design and the commitment of capital to execute development, construction, and validation activities. Hence, decision makers explore ways in which the impact of downstream integration tasks and risks (shown on the right hand side of the SE-V) can be examined early, i.e. during decomposition stage (shown on the left hand side of the SE-V). The design structure matrix methodology has made many contributions to improving decision making surrounding the system architecture, especially during the decomposition of system architecture on the left-hand side of the SE-V (Eppinger and Browning 2012) . The SE-V diagram in Figure 1 indicates that the development process involves five levels of decomposition (concept development, system-level design, subsystem design, detail design and component development), specification, and integration testing. At each level of the system, the twin outcomes of a decomposition task are initiation of the next level of design and specification of the requirements for the corresponding integration task (shown by the horizontal dotted arrows in the SE-V). The goal of our research is to build multidomain maps between integration tasks and corresponding component decomposition DSM 2013 dependencies and examine whether analysis of such maps, and creation of multi-domain metrics, can provide engineering managers with unique insights to improve project execution and related major capital investment decisions. 
A Multi-Domain Mapping of SE-V
The groups of tasks captured in the SE-V (Figure 1 ) are mapped into a stylized task DSM in Figure 2 . Two properties of this task DSM are noteworthy. First, owing to the logic of SE-V, there is a regular precedence pattern between task groups as shown by "x" marks immediately below the diagonal, where each DSM mark represents information dependency. Second, the dotted arrows between the decomposition and integration tasks in Figure 1 result in off-diagonal marks at each level. It may be possible iterate after integration tasks. Iterations are represented by the "?" marks. Collectively, these marks form an "X" shaped set of dependencies when tasks are grouped at each level of system decomposition. The "z" marks in the component DSM represent the component and subsystem dependencies. Mark "z" is distinct from mark "x" because interactions in the component DSM are captured in terms of interfaces between the system elements (such as spatial, energy etc). We define domain mapping matrices (DMM): aDMM, dDMM, cDMM, iDMM, and oDMM respectively corresponding to linkages between components and analysis, decomposition, detailed component design, integration, and operations task groups. The focus of this research is on the dependencies between component architecture and the integration tasks. Thus, iDMM and corresponding task and component DSMs are highlighted with chain dotted borders. 
Data
We are working with a research sponsor in the offshore petroleum industry to study a deepwater development project. A dataset involving component DSM (cDSM with rank 67), integration task DSM (iDSM with rank 29) and corresponding iDMM (29x67) has been assembled. Data are used to examine options for chunking components into subsystems. The cDSM and the iDMM are also used to compute integration test coverage requirements for different levels of aggregation (components, sub-systems and system). For ease of display, only a portion of data (cDSM with rank 12 and iDSM with rank 11) are shown in Figure 3 . The cDSM data are collected along 5 dimensions: spatial fit, structural load, energy flow, information flow, and material (fluid) flow. Each of these interactions is rated on a binary scale. Rated values in each dimension are summed to create the overall cDSM. We have carried out analysis for each dimension of dependency and also for the overall cDSM. For ease of presentation, exhibits and discussion have been typically restricted to the overall cDSM. The overall cDSM has been partitioned and color coded into 6 sub-systems: Lower Marine Riser Package (LMRP), Blowout Preventer (BOP), Auxiliary Lines, Choke and Kill System, Hydraulic Power Unit and Surface Control System. For ease of illustration, only the first three sub-systems are shown in Figure 3 . The ID numbers indicate component and test numbers used in the initial data collection. The strongest dependence is shown to be 4 on a scale of 0-5. DSM 2013 The iDSM data are collected as binary measures along a single dimension: information dependence. A list of relevant tests has been generated. It includes digital testing tasks that precede the initial set of integration test. Findings from the digital testing tasks (e.g. finite element analysis) inform the component as well as the sub-system tests. Integration test tasks are also partitioned and sequenced by color: component tests (T1-T4), followed by sub-system tests (T5-15) and system tests (T16-T29). Marks in the iDSM are binary. We wish to undertand if and when all the interfaces defined on the cDSM are aprropriately tested in the iDSM. Thus, a relevant mapping is the amount of test coverage designed into the integration processes for component interfaces defined in the cDSM. We define the following ratio in order to poplate each cell in the iDMM:
Component-Test Coverage Ratio = (# of Interfaces Tested/Total # of Interface)
Estimation of the iDMM values early during the development cycle is based on component, sub-system and system specifications (i.e. the dotted horizontal information arrows in Figure 1 ) developed during SE-V decomposition process. For each test (T1 to T29), the coverage ratio for each component is estimated and the values range from 0 to 1. In addition, we assess the total interactions for each component based on the level of interaction testing (between components, within a subsystem or between subsystems). There are a total of 16820 entries in the dataset (29 tests x 116 interactions in the cDSM x 5 interaction types). These are captured in a spreadsheet. Two rows of this spreadsheet are shown as an example in Figure 4 . This figure illustrates T6, a function verification check subsystem test for the BOP+LMRP subsystem. For this test, the spatial, structural and energy interactions (shown by X marks in Figure 4 ) between the LMRP connector (component 49) and the pod hydraulic section (component 43) are tested and verified. However, T6 does not involve testing of the integrity of the main well bore of which the BOP Mandrel (component 52) is a part; the BOP Mandrel's spatial, structural and material interactions with the LMRP connector are not tested (as shown by O marks in Figure 4 ).
As a result, out of 6 possible interactions for the LMRP connector (component 49), only 3 are tested, giving a ratio of 0.5 that is shown against T6 and component 49 in Figure 3 . If a component is not present and test is not required, the box is colored yellow. 
Characterization of iDMM
There are two ways to characterize the iDMM. A user can either inspect the color coded cell to look for gaps (e.g. 0's) or compute aggregate metrics. Relevant questions for constructing aggregate metrics are: (i) By Row: How effective is each test (row) in terms of its coverage? (ii) By Column: Can the mapping ensure that each interface of the cDSM is tested at least once (i.e. how complete is the coverage of interfaces in each column when testing at the component, subsystem or system level)? Figure 5 shows the minimum value of coverage index in each type of test (i.e. row) for spatial, structural, energy, information, and material interactions. A blank yellow cell indicates that the interaction is not applicable in a particular test, consistent with yellow cells in Figure 3 . Figure 5 . Aggregate Assessment by Test Type The individual scores for each component (e.g. spatial or structural) in a test are computed by taking the ratio of all the relevant interactions tested for the component with the total number of interactions for that particular component. Overall score is the average of the component coverage scores in the row. If a particular test (e.g. T1, Digital design and DSM 2013 analysis) is able to assess all the interfaces, then all the indices in that row are unity. However, that is rarely the case when an integration team sets up physical tests. For instance, test T2 (a pressure test) has been set up to address only the structural interfaces. Therefore, it shows a score of 1.0 only along that dimension. Other tests, e.g. T11 (BOP Pressure test) show values between 0.5 and 1.0 suggesting that some aspects, such as spatial fit, are only partially covered by that particular test. The zeros with a dark blue background in this matrix (e.g. for material interface in T6) required special scrutiny; they indicate that this test contains at least one interface which needs to be tested but is not being tested. Perhaps this interface is being covered by another test row. If it is not covered, this may prompt a redesign of the interface, may call for additional instrumentation on the existing interface so that it can be tested, or it may induce the development team to introduce additional integration tests. The last column (labeled as "overall" test index) averages the first five columns. It is a measure of the overall effectiveness of a particular test in terms of coverage.
Assessment by Test (Row)

Assessment by Component (Column)
Assessment by column provides metrics for measuring completeness. We define:
Component Test Completeness Ratio = (# Interactions Tested at Least Once/ Total # of Interactions for Component)
These completeness metrics are grouped according to the level (i.e. component, subsystem or system), and also by the five types of interfaces in the cDSM. Completeness ratio for each test group, by component, is shown in Figure 6 . The overall and spatial completeness measure are shown. Other measures (structural, energy, information and material completeness indices are excluded for brevity). Each testable interaction is considered to be covered if it is addressed by at least one test within its level. The completeness metric under each component is computed by dividing the number of interactions tested at least once with the total number of interactions. This is accomplished by implementing an Excel macro that first maps the 16820 iTest data points (samples shown in Figure 3 ) to a lookup table of interfaces to be tested and then counts up which interfaces are actually covered by the tests. Output columns in Figure 6 are color coded in a manner similar to Figure 5 . The cells that do not need to be tested are left blank and tests that have full coverage are shown in blue. A value set to zero identifies a component in the current cDSM system architecture with at least one interface (which needs to be tested) but is not being tested. Perhaps, this interface is being covered by another test row. If it is not covered by other tests, this result may prompt a redesign of the interface, may call for additional instrumentation on the existing interface so that it can be tested, or it may induce the development team to introduce additional integration tests. In our partial example, we do not include all of the tests or components, so there are areas of incomplete coverage shown in Figure 6 . INCOSE (2011) recommends an integration process which "verifies that all boundaries between system elements have been correctly identified and described." The iDMM is used to visualize and examine gaps in integration test coverage, and to assess the level of coverage for individual tests. These completeness and coverage metrics are by no means exhaustive; they are bounded by the choice of the five interaction types in the cDSM and the load cases covered by the iDSM test suite. Indeed, this analysis is just one amongst several alternatives for investigating system integration: Failure Mode and Effect Analysis (IEC 60812), Hazard and operability studies (IEC 61882), network reliability modeling (Michelena and Papalambros 1995) etc. Data collection, visualization and analysis conducted thus far are preliminary. Our initial field study has restricted the scope of the work to 5 types of dependencies: spatial fit, structural load, energy flow, information flow, and material (fluid) flow across only two domains (component and testing) from a list of 5 domains shown in Figure 2 . Even with such a limited field study design, data analysis using a multiple-domain approach can improve managerial decision making fairly early into the SE-V Process. Access to iDMM data raises the possibility of deploying these defined metrics to improve the system architecture and the SE-V process. For instance, could the cDSM decomposition decisions be better informed by the completeness metrics from the iDMM? These data can also be used to inform the sequencing of the iDSM tasks based on design for testability and design for reliability considerations. Development of additional reliability, testability and integration metrics and iDMM analysis can yield algorithms for the decomposition of the cDSM based on joint consideration of reducing component dependencies, while maximizing the system reliability. In addition to such analysis, follow on data collection, such as constructing the oDMM and disaggregating task ownership across the principal and key suppliers, may be needed to examine relevant features of the MDM. 
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